INTRODUCTION
Although there has been significant experimental work [1] [2] [3] [4] [5] [6] on flat plates with openings near columns, the treatment of their punching strengths in international codes is still not very comprehensive. This is partly because the experimental data are limited with relatively few results available for rectangular columns and for slabs with shear reinforcement. It is also partly due to neglecting the effects of the location of openings that are eccentric relative to columns.
The experimental work presented herein seeks to fill some of the gaps in the existing knowledge by testing 13 flatplate specimens with both symmetrical and nonsymmetrical patterns of openings near rectangular columns. The size of the openings considered can be significant for punching strength. The tests also examined the effects of different arrangements of shear reinforcement for slabs with and without openings.
A review of design methods, which follows this introduction, summarizes the provisions of major international codes and some suggested formulations on their treatment of openings. The comparisons between experimental and theoretical results allow conclusions to be drawn on the consistency of strength predictions.
The main work considered herein is a series of tests to study the behavior of slabs with openings adjacent to the short sides of rectangular supports made. Specimens with or without shear reinforcement were tested. Data from smaller scale tests by Silva 7 are also included at the Appendix, as they extend the range of column rectangularity for slabs with openings.
RESEARCH SIGNIFICANCE
The research reported provides experimental data on the effects on punching resistance produced by two patterns of openings-one symmetric and the other nonsymmetricand on the behavior of slabs with openings and shear reinforcement. Although limited by the scope of the testing, the conclusions drawn should be immediately useful in some cases and probably have more general implications.
CODES AND OTHER RECOMMENDATIONS Slabs without shear reinforcement
To avoid undue complexity in comparisons with test results and to concentrate on the effects of openings in slabs, only two basic treatments of punching are considered: those of ACI 318-11 8 and MC90 9 /EC2. 10 All calculations are made by expressions for unfactored strengths and using actual material properties. At concentrically loaded interior supports, without either openings or shear reinforcement in the slab, punching strengths are calculated as follows in MPa. Equations are also given in the English system of units for completeness. For ACI 318-11, 8 the equations are not given, as they are easily obtained by the readers. 
where u 1 is the length of a control perimeter 2d from the support and has rounded corners; ρ l is the ratio of flexural reinforcement; and V max is given in Eq. where u o is the length of the periphery of the column. In EC2, but not in MC90,
is limited to a maximum of 2.0, but this precautionary restriction is ignored herein. To take account of the effects of openings near a support, both ACI 318-11 and MC90 reduce the lengths of their control perimeters by subtracting the lengths between lines radiating from the center of the support and tangent to the extremities of the openings (Fig. 1) . In EC2, the approach is similar but, if the dimension of the opening in the radial direction l 1 is greater than the dimension l 2 in the transversal direction, l 2 is replaced by (l 1 l 2 ) 1/2 . For both MC90 and EC2, both u 1 and u o are reduced by openings.
This radial projection approach is very simple but perhaps not very logical. For a rectangular support, it predicts that an opening of a given size is more harmful if it occurs at the long side of the support rather than at the short one, which seems improbable, as the shear can be expected to concentrate near the short sides. The method also ignores any harmful effects that may arise due to unevenness of shear caused by a lack of symmetry in the pattern of openings.
Various attempts have been made to improve the treatment of openings. Regan 11 proposed straight projection with only the actual widths of openings subtracted from control perimeters for symmetrical patterns of openings, but with account taken of any lack of symmetry by considering fictitious openings restoring symmetry. A similar approach is given in the handbook 12 to the British code, but without the treatment of nonsymmetric openings. In the following two versions of straight projection, SP1 and SP2 are adopted-SP1 denotes the use of actual openings only and SP2 denotes the use of extra fictitious openings to restore symmetry (Fig. 1 ).
An obvious alternative for the treatment of nonsymmetric openings would be to consider only the actual openings and to take account of eccentricity between the load or reaction and the reduced control perimeter by adopting the approach used for eccentric loading on unperforated slabs. This would have the advantage of consistency in the treatments of the two types of eccentricity and would probably be preferable for large openings and for cases where the two types of eccentricity coexist. It is, however, not considered further herein, as it seems unnecessary for openings of the size of those in the present tests with no moments transmitted to the supports. Kuang and Teng 5 and Teng at al. 6 proposed the system of radial projection that is illustrated in Fig. 1 (bottom right), along with the code methods and the two versions of straight projection (SP1 and SP2). In Teng's approach, even though all the patterns were eccentric in the tests of References 5 and 6, no explicit account was taken of any effects from eccentricity in the pattern of openings.
Slabs with shear reinforcement
For slabs with shear reinforcement in circumferential layers of equal steel area at a regular radial spacing, both ACI 318-11 and MC90/EC2 limit punching resistance to the least of:
• V cs -the combined resistance of the concrete and shear reinforcement calculated for the perimeter u 1 ; • V out -the resistance of the concrete alone at a perimeter u out , outside the outermost shear reinforcement; and • V max -a maximum shear resistance.
For slabs with vertical shear reinforcement, the relevant expressions are given in Eq. (4) and (5) . For ACI 318-11, 8 the equations are not given, as is easily obtained by the readers, and both the radial distance from the support to the first layer of shear reinforcement and the radial spacings s r of subsequent layers are limited to d/2 and the transversal spacing of the elements in the first layer is limited to 2d (Fig. 2) MC90/EC2
where V max is as for slabs without shear reinforcement; f sw = 1.15(250 + 0.25d) ≤ f yw in EC2; f sw = 345 MPa (50.0 ksi) ≤ f yw in MC90; and u out is the length of a control perimeter 1.5d outside the outer shear reinforcement in EC2, or 2.0d outside it in MC90. The radial distance from the support to the first layer of shear reinforcement should be 0.35d to 0.5d, and the radial spacings of subsequent layers should not exceed 0.75d. The circumferential spacing of elements of shear reinforcement is limited to 1.5d in layers within u 1 and in the outermost layer it should not exceed 2d, where the part of the perimeter in question is included in u out (refer to Fig. 2 ). Neither code gives any advice on the application of these recommendations to slabs with openings near supports, and this introduces some problems.
According to ACI 318-11, "that part of the critical section that is enclosed by straight lines projecting from the centroid of the column...and tangent to the boundaries of the openings shall be considered ineffective." (Item 11.12.5 of ACI 318-11 8 , Fig. 1 , top left). The wording of EC2 is similar. If no shear reinforcement was placed in the slab areas between the straight lines, the interpretation of the guidance would be straightforward. However, it would seem natural to provide shear reinforcement adjacent to openings, as it is here that the initial shear stresses are likely to be highest. It is debatable whether such shear reinforcement is meant to be treated as effective. Assuming that it can be, it is unclear what parts of the perimeters u 1 and u out should be used in determining the shear concrete resistances.
EXPERIMENTAL WORK
In the main series of the test program, 13 the slabs were 200 mm (7.87 in.) thick and 3.0 m (118.11 in.) square on plan. At their centers, they were supported by a thick steel plate 200 x 600 mm (7.97 x 23.62 in.) on plan. Upward loading was applied by a hydraulic jack below this plate and measured by a load cell between the jack and plate. Loading was applied on a load-controlled basis. Reactions were provided by tie bars 150 mm (5.91 in.) from the slab edges, positioned as shown in Where shear reinforcement was used, it was in the form of stud rails. The studs were 8 or 10 mm (0.31 or 0.39 in.) diameter deformed bars welded to a 40 x 10 mm (1.57 x 0.39 in.) plate rail at the bottom and a 40 x 40 mm (1.57 x 1.57 in.) plates at the top. A typical stud rail is shown in The main series comprised 13 slabs. Slabs 1 to 3 were without openings. Slab 1 was without shear reinforcement, while Slabs 2 and 3 had four and two layers of studs arranged, respectively, as in Fig. 6 . The next six slabs were without shear reinforcement. Slabs 4 to 6 each had a single opening 200 x 300 mm (7.87 x 11.81 in.) at one short side of the support, while Slabs 7 to 9 had pairs of 200 x 300 mm (7.87 x 11.81 in.) openings-one at each short side of the plate. The detailing of the flexural reinforcement near the openings was varied in these tests. In Slabs 4 and 7, where main bars were interrupted by openings, the steel area was made up by additional full-length bars near the openings. In Slabs 5 and 8, no continuous bars were added, but 12.5 mm (0.49 in.) U-bars were placed adjacent to the cut bars to provide some anchorage for horizontal tension and some shear reinforcement at the edges of the openings. Slabs 6 and 9 were provided with both additional continuous and U-bars. Figure 7 shows the relevant details for Slabs 4 and 5. Slabs 10 to 13 contained shear reinforcement and additional full-length bars near the openings. Each slab had two symmetrical openings 200 x 300 mm (7.87 x 11.81 in.) as in Slabs 7 to 9. The main steel had the same details as in Slab 7. Details of the shear reinforcement are shown in Fig. 6 . Data from the smaller-scale tests by Silva 7 are presented in the Appendix.
TEST RESULTS
Ultimate strengths and failure modes Table 1 summarizes the test data and results for the main test series and for the tests by Silva. 7 All of the slabs of the main series failed by punching at loads below their flexural capacities calculated by the yield-line theory. Note that apart from Slabs 7 and 9, all slabs have the same effective depth d = 154 mm (6.06 in.). Figure 8 shows sketches of the plans of the inclined parts of the failure surfaces and Fig. 9 gives examples of the failure surfaces seen in sections cut through the slabs on their principal axes.
Slabs 8 and 9 developed essentially normal failure surfaces for slabs without shear reinforcement running upward from the soffit at the edges of the support and reaching the level of the main steel approximately 2d out in Slab 9 but rising more steeply in Slab 8. Slab 10 failed at a surface that was entirely outside the shear reinforcement, indicating that the shear reinforcement was enough to avoid a failure surface close to the column. In Slab 7, without shear reinforcement, and in Slabs 11, 12, and 13, with shear reinforcement, the inclined parts of the failure surfaces were adjacent to the supports at their short edges, but were moved outward at their long sides. At the long sides, the cracks were almost horizontal in the bottom cover for 300 to 350 mm (11.81 to 13.78 in.) from the support and then inclined upward reaching the main steel 600 to 650 mm (23.62 to 25.59 in.) out. The overall plan forms of the failure surfaces in these slabs were almost circular. For the remaining slabs, the surface in Slab 6 was symmetrical in spite of there being only one opening, and Slabs 2 and 3, without openings, failed at surfaces that were entirely outside the shear reinforcement, also indicating that the shear reinforcement was enough to avoid a failure surface close to the column. Slab 1, without openings or shear reinforcement, presented, for the two support sides (short and long), the typical punching failure surface: from the base of the support plate, at the bottom to the top of the slab, with an inclination of 25 to 30 degrees (Fig. 9) . Slabs 4 and 5, both with one opening and without shear reinforcement, presented basically the same behavior, irrespective of the different detailing close to the opening: on the direction of the long side, the failure crack presented the typical punching failure surface from the base of the support plate, at the bottom of the slab, to the top of the slab with an inclination of 25 to 30 degrees, while for the short side, the punching failure surface went flat from the bottom for 350 to 400 mm (13.78 to 15.75 in.), and then went to the top reinforcement, and hit the surface afterward. The ultimate loads of the slabs without shear reinforcement were reduced by openings. Ignoring any effect from the small variations in concrete strength, single openings reduced the punching capacities by 8% on average, while pairs of openings reduced it by 10%. The minimal difference between these reductions suggests that eccentricity in a pattern of openings should be taken into account. For the same slabs, there is no consistent difference between the strengths of slabs with different details of the flexural reinforcement. With sufficient shear reinforcement, the strength of Slab 10, with two openings, was practically equal to that of Slab 2, and both were close to the flexural capacity. Even the very-minimal shear reinforcement of Slab 13 produced a resistance equal to that of the control slab without openings.
Deflections
In all tests, there is a stiff initial response corresponding to uncracked behavior. In the next phase, the response is still linear but with a much reduced stiffness, only marginally affected by the openings. Finally, the deflection rate increases up to failure but without the curves ever becoming horizontal. Figure 10 shows deflected profiles for Slab 4. The profiles at higher loads are practically linear between the reactions and the longer sides of the loading plates, with rotations concentrated to a very limited zone near the plates. This zone did not extend to the eventual failure surfaces. In the other direction, the region of high curvature is somewhat extended near the opening. Figure 11 presents the load versus center deflection for all the slabs. As expected, deflections are larger with the openings and smaller with shear reinforcement.
Strains of shear reinforcement
Strains of shear reinforcement were measured by pairs of electrical resistance strain gauges at opposite sides of stud diameters at midheight. Figures 12 and 13 show stresses (σ s = E s · ε s ) obtained from the average strains at the highest loads at which full readings were made. For both slabs without openings, the inclined failure surfaces were entirely outside the shear reinforcement. In spite of this, the strains in most of the studs of Slab 3, with two layers of 8 mm (0.31 in.) studs, were high, giving a mean stress of 422 MPa (61.2 ksi) at 1050 kN (236 kips)-that is, at 0.96V u . These results (steel stresses of the order of 400 MPa [58 ksi]) indicate that cracking occurred in this region, even though the failure surface was entirely outside the shear reinforcement. The strains in Slab 2 were much lower, with a mean stress of only 235 MPa (34.1 ksi) at 0.96V u due to the larger diameter and smaller radial spacing of the studs.
For the case of specimens with openings, Slab 10 with four layers of studs, including lines adjacent to the openings, was the only one in which the failure surfaces were fully outside the shear reinforcement. Nevertheless, the relatively few studs strain measurements for this slab showed high strains for the studs at the sides of the opening. Their mean stress was 444 MPa (64.4 ksi) and was higher than that of the studs in the next line. On both lines, the stresses reduced greatly at the outer edge of the opening. In Slab 11, with three layers of studs on radial lines, the strains were high on the lines perpendicular to the long side of the support and in the line adjacent to the opening, but again lower on the next line. In both of these slabs, with considerable shear reinforcement near the short sides of the supports, the distribution of shear around the outside of the shear-reinforced zone appears to have been relatively uniform. In Slab 13, the shear seems to have been fairly uniform and high at the long sides of the supports and to have reduced near the openings.
Part of the measured strains correspond to stresses well above the MC90/EC2 limit and also above that of ACI 318-11. The actual maximum stress of any stud was possibly a little greater than that corresponding from the measured strains, due to bond between the crack and gauge strain locations. Potentially, the stresses might have been higher if the slabs' failure surfaces had been more within the shear-reinforced zones. There are, however, two points to bear in mind herein. The ratio between the areas of the anchor plates and studs was high-32 for the 8 mm (0.31 in.) studs as compared with a typical ratio of 10 for commercial studs, which are normally of larger diameter. Second, the tops of the anchor plates were above the upper main bars, whereas they commonly have the same cover.
COMPARISONS OF EXPERIMENTAL AND
CALCULATED STRENGTHS The comparisons between experimental and theoretical results are given in Tables 2 to 4 . For slabs with openings but without shear reinforcement, Table 2 lists the results of comparisons with calculations to ACI 318-11, MC90, and four different treatments of the effect of openings, all using the basic MC90 treatment of slabs without openings. The variants (Fig. 1) are:
• SP 1-straight projection; • SP2-straight projection with fictitious openings restoring symmetry; • Teng-radial projection from poles c min /2 from the ends of supports; and • EC2-radial projection as in MC90 but with increased effective widths of openings where l 1 > l 2 . MC90 is used as the base for these variants to minimize variations and errors from sources other than the treatments of openings. The ratio of flexural reinforcement has been taken as the basic one without local variations due to openings. Table 3 presents the mean values of V u /V calc from Table 2 for the different groups of tests and different methods of calculations. For all methods of calculation, the ratios are higher for Silva's 7 130 mm (5.12 in.) slabs than for the 200 mm (7.87 in.) Slabs 4 to 9, but the difference is reduced by MC90's depth factor, which has been used in all the calculations except those to ACI 318-11. This suggests the possibility of a size effect on punching resistance related to the slab's effective depth, even though some differences could have been expected due to the different arrangements of the supports (rectangular for one test series and circular in the other), and for the different values of the ratio c max /c min .
For the approaches using radial projections (ACI 318-11 and MC90), V u /V calc is always higher for the specimens with openings than for the unperforated slabs (Borges's 13 Slab 1 and Silva's 7 Slab L1), showing that radial projection overestimates the influence of openings adjacent to supports. The variants of radial projection proposed by Teng et al. 6 and EC2 make more conservative estimations than that for the simple method of MC90 and ACI 318-11. Straight projection gives the best consistency across the range of slab types. In overall terms, there is little difference between the results for Methods SP1 and SP2, as can be seen in Table 2 , indicating that the two methods can be used for slabs with one hole.
For the calculations of punching resistances of slabs with shear reinforcement, the maximum stud stresses are 414 MPa (60.0 ksi) according to ACI 318-11 and 345 MPa (50.0 ksi) according to MC90. The latter value can also be used for EC2 with very little error for the present slabs. The ACI restriction on the spacing of stud layers has been ignored, as has EC2's limit on the transversal spacing within u 1 . EC2's 2d limit on maximum transversal spacing has been respected (refer to Fig. 2 ) and applied to all layers.
For all the slabs with openings, various detailed interpretations of the codes would be possible. In the following, it has been assumed that:
1. All stud lines were potentially active; 2. Where the number of studs per layer varied between the innermost and second layers, A sw can be taken as the average from layers one and two, but not greater than 1.25 times the area of layer one. This approach is that of the British code, 14 which appears to be the only one treating the issue; 3. The concrete punching resistances at the perimeters u 1 and u out can be determined for perimeter lengths defined by the following deductions for openings (refer to Fig. 14) :
(a) For Slabs 10 and 11, with stud lines adjacent to the openings, the lengths between straight projection lines-that is, 200 mm (7.97 in.) per opening; and (b) For Slabs 12 and 13, without stud lines adjacent to openings, the lengths between radial lines from the centers of the supports to the extreme points of the openings. The perimeters for MC90/EC2 for Slabs 12 and 13 are shown in Fig. 14 . The calculations by EC2 have been made using the Eurocode distance of 1.5d from the outer studs to the perimeter u out , but otherwise follow MC90-that is, no limit has been applied to the depth factor and actual widths of openings have been used in place of (l 1 l 2 ) 1/2 . The results obtained are given in Table 4 . The comparisons with ACI 318-11 suggest that the shear stress used for the concrete could be increased for the assessment of strengths at the edges of zones with shear reinforcement, even though the ACI 318-11 restriction on the spacing of stud layers has been ignored (with the exception of Slab 2). The results from the MC90 and EC2 estimates are closer to the test results presented. The straight projection approach used for Slabs 10 and 12 produces V u /V calc ratios less than those for the other slabs. This could be reversed by the use of radial projection, but it would be difficult to reconcile such projection with the provision of shear reinforcement adjacent to the openings. Such reinforcement seems to work well (refer to Fig. 13 ) and the ratios V u /V calc for EC2 are acceptable with the perimeters determined as mentioned previously.
CONCLUSIONS
The following conclusions are drawn from the results of the tests reported, all of which were on slabs with approximately equal bending resistance in two directions and no moment transfer to the supports. Column size was the same for most slabs (β = 3.0) and tests were made with only two patterns of openings. Although the conclusions may be expected to have a wider significance, their extension to other cases would require careful consideration and verification. More tests are needed on slabs with nonsymmetrical loading and unbalanced moments, with different column sizes and slab thicknesses, and with openings on larger column sizes.
1. The tests results suggest there is some indication of a size effect on punching resistance, which can be related to the slab effective depth, even though some differences could have been expected due to the different arrangements of the supports and for the different values of the ratio c max /c min at the tests reported.
2. For the relatively small openings considered, the provision of continuous bars adjacent to openings, to replace the areas of reinforcement, seems to be an adequate approach to flexural design. The addition of hairpin bars at the edges of openings did not offer any consistent improvement.
3. Straight projection of the widths of openings onto the control perimeters to determine the reductions of the concrete contributions to punching resistance gave more consistent predictions of strength than any of the forms of radial projection considered for slabs without shear reinforcement. Straight projection does, however, probably require consideration of the effects of eccentricity between the residual control perimeter and the support.
4. Codes should be conservative, especially when brittle ruptures are involved, and committees tend to opt for simpler (and probably) more conservative formulas. Nevertheless, for slabs with shear reinforcement, it can be suggested that the shear stress used for the concrete in ACI 318-11 could be increased for the assessment of strengths at the edges of zones with shear reinforcement (outer control perimeter). MC90 and EC2 produce less conservative results compared to ACI 318-11. The use of EC2's control perimeter 1.5d beyond the outer shear reinforcement appears preferable to MC90's distance of 2d (although MC90 presented a 4% unconservative estimation for one of the slabs tested).
5. The use of shear reinforcement adjacent to the "radial" sides of openings seems beneficial and this should be further investigated. Slabs 10, 11, 12, and 13. 
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